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The presence of a bosonic resonance near 125 GeV has been firmly established at the Large 
Hadron Collider. Understanding the exact nature of this boson is a priority. The task now is to 
verify whether the boson is indeed the scalar Higgs as proposed in the Standard Model of particle 
physics, or something more esoteric as proposed in the plethora of extensions to the Standard Model. 
This requires a verification that the boson is a J PC = ++ state with couplings precisely as predicted 
by the Standard Model. Since a non Standard Model boson can in some cases mimic the Standard 
Model Higgs in its couplings to gauge bosons, it is essential to rule out any anomalous behavior 
in its gauge couplings. We present a step by step methodology to determine the properties of this 
resonance without making any assumptions about its couplings. We present the analysis in terms of 
measurements that would require the minimum number of events. We show that by studying three 
uni-angular distributions and other readily measurable observables, one can unambiguously confirm 
whether the new boson is indeed the Higgs with J PC = ++ and with couplings to Z bosons exactly 
as predicted in the Standard Model. 

PACS numbers: 12.60.-i, 14.80.Bn, 14.80.Ec 



I. INTRODUCTION 

A new bosonic resonance with a mass of about 
125 GeV has recently been observed at the Large Hadron 
Collider by both ATLAS Collaboration [1, 2] and CMS 
Collaboration [3-5] . The mass of the resonance is sugges- 
tive that this resonance is the Higgs boson that should 
exist in the Standard Model of particle physics as a spin 
zero parity-even resonance. Significant effort is now di- 
rected at determining the properties and couplings of this 
new resonance to confirm that it is indeed the Higgs bo- 
son of the Standard Model. In this work we specify this 
new boson by the symbol H and we call it the Higgs, 
even though it has not been proved to be the Higgs of the 
Standard Model. This resonance is observed primarily in 
three decay channels H — > 77, H — > ZZ and H — > WW, 
where one (or both) of the Z's and Ws arc off-shell. It 
is well known that the spin and parity of the resonance 
and its couplings can be determined by studying the mo- 
mentum and angular distributions of the decay products. 
Indeed there is little doubt that a detailed numerical fit 
to the invariant masses of decay products and their an- 
gular distributions will reveal the true nature of this res- 
onance. However, a detailed study of the angular distri- 
butions requires large statistics and may not be feasible 
currently Several studies existed in the literature before 
the discovery of this new resonance [6-36] and yet several 
papers have appeared recently on strategies to determine 
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the spin and parity of the resonance [37-50]. Yet, there 
is no clear conclusion on the step by step methodology 
to determine these properties with the minimum num- 
ber of events and least possible angular measurements. 
The recent result [5] from CMS Collaboration on the de- 
termination of spin and parity of the new boson is not 
conclusive. 

In this paper we are exclusively concerned with Higgs 
decaying to four charged leptons, which proceeds via a 
pair of Z bosons: H -> ZZ -> (^i")(^2 )> where 
£\, £2 are leptons e or /1. Since the Higgs is not heavy 
enough to produce two real Z bosons, we can have one 
real and another off-shell Z, or both the Z's can be off- 
shell. While we deal with the former case in detail our 
analysis applies equally well to the later case. We find 
that only in a very special case dealing with J p = 2 + 
boson it is more likely that both the Z bosons are off- 
shell. We emphasize that the final state (e + e~)(fi + 
is not equivalent to (e + e~)(e + e~) or (fi + fi~)(p, + fi~) as 
sometimes mentioned in the literature, since the latter 
final states have to be anti-symmetrized with respect to 
each of the two sets of identical fermions in the final 
state. The anti-symmctrization of the amplitudes is not 
done in our analysis and hence our analysis applies only 
to (e + e~)(fi + fi~). We examine the angular distributions 
and present a strategy to determine the spin and par- 
ity of H, as well as its couplings to the Z-bosons with 
the least possible measurements. Since the decay mode 
H — > 77 has been observed, H is necessarily a boson and 
the Landau- Yang theorem [51, 52] excludes that it has 
spin J = 1. Further, assuming charge conjugation invari- 
ance, the observation of H — > 77 also implies [10] that 
H is a charge conjugation C = + state. In making this 
assignment of charge conjugation it is assumed that H 
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is an cigcnstatc of charge conjugation. With the charge 
conjugation of H thus established we will only deal with 
the parity of H henceforth. We consider only Spin-0 and 
Spin-2 possibilities for the H boson. Higher spin possi- 
bilities need not be considered for a comparative study as 
the number of independent helicity amplitudes does not 
increase any more [15, 53]. The process under considera- 
tion requires that Bosc symmetry be obeyed with respect 
to exchange of the pair of Z bosons. This constraints 
the number of independent helicity amplitudes to be less 
than or equal to six. Even if the Spin- J of H is higher 
(i.e. J 3), the number of independent helicity ampli- 
tudes still remains six. However, the helicity amplitudes 
corresponding to higher spin states involve higher powers 
of momentum of Z , independent of the momentum de- 
pendence of the form factors describing the process. We 
will show that even for J p = 2 + under a special case only 
two independent helicity amplitudes may survive just as 
in the case of J p = + . The two cases are in principle 
indistinguishable unless one makes an assumption on the 
momentum dependence of the form factors involved. 

We start by considering the most general decay ver- 
tex for both scalar and tensor resonances H decaying to 
two Z bosons. We evaluate the partial decay rate of H 
in terms of the invariant mass squared of the dilepton 
produced from the non-resonant Z and the angular dis- 
tributions of the four lepton final state. We demonstrate 
that by studying three uni-angular distributions one can 
almost completely determine the spin and parity of H 
and also explore any anomalous couplings in the most 
general fashion. We find that J p = 0~ and 2~ can eas- 
ily be excluded. The J p = + and 2 + possibilities can 
also be easily distinguished, but may require some lepton 
invariant mass measurements if the most general tensor 
vertex is considered. Only if H is found to be of Spin-2, 
a complete three angle fit to the distribution is required 
to distinguish between J p = 2 + and 2~. 

The determination of couplings and spin, parity of the 
boson is important as there are other Spin-0 and Spin- 
2 particles predicted, such as the J = radion [55-61] 
and J = 2 Kaluza-Klein graviton [45, 62-64], which 
can easily mimic the initial signatures observed so far. 
Such cases have already been considered in the literature 
even in the context of this resonance. Our analysis is 
most general and such extensions are limiting cases in 
our analysis as the couplings are defined by the model. 

In Section II we layout the details of our analysis, with 
Sections II A and II B devoted exclusively to Spin-0 Higgs 
and Spin-2 boson respectively. A step by step compari- 
son with detailed procedure to distinguish the spin and 
parity states of the new boson is discussed in Sec. II C. 
We conclude emphasizing the advantage of our approach 
in Section III. 
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FIG. 1. Definition of the polar angles (6\ and 82) and the 
azimuthal angle (<f>) in the decay of Higgs (H) to a pair of 
Z's, and then to four charged leptons: H — > Z\ + Z2 — ► 
(£1 +lf) + (£2+lt), where l x ,l% £ {e,/x}. It should be clear 
from the figure that ki = — &2 and = — £4. Since Z2 is 
off-shell, we cannot go to its rest frame. However, given the 
momenta of £% an d (-2 we can always go to their center-of- 
momentum frame. 



II. DECAY OF THE NEW RESONANCE TO 
FOUR CHARGED LEPTONS VIA TWO Z 
BOSONS 

Let us consider the decay of H to four charged leptons 
via a pair of Z bosons: 

H -> Z l + Z 2 -> (l\ + £+) + (4 + £+), 

where £\, £2 are leptons e or [i. As mentioned in the 
introduction we assume £\ and £2 are not identical. The 
kinematics for the decay is as shown in Fig. 1. The Higgs 
at rest is considered to decay with the on-shell Z\ moving 
along the +z axis and off-shell Z 2 along the —z axis. The 
decays of Z\ and -2? 2 are considered in their rest frame. 
The angles and momenta involved are as described in 
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Fig. 1. The 4-momenta of H, Z\ and Z2 are denned as P, 
qi and qi respectively. We choose Z\ to decay to lepton 
pair if with momentum k\ and k,2 respectively and Z2 
to decay to if with momentum k-$ and k^ respectively. 

Nelson [6-8] and Dell'Aquilla [7] realized the signif- 
icance of studying angular correlations in this process 
with Higgs boson decaying to a pair of Z bosons for infer- 
ring the nature of the Higgs boson. Refs. [12, 14, 15] were 
the first to extend the analysis to include higher spin pos- 
sibilities so that any higher spin particle can effectively 
be distinguished from SM Higgs. We study similar an- 
gular correlations in this paper. We begin the study by 
considering the most general HZZ vertices for a J = 
and a J = 2 resonance H. We shall first discuss the 
two spin possibilities separately. Later we will layout the 
approach to distinguish them assuming the most general 
HZZ vertex. 



A. Spin-0 Higgs 



The most general HZZ vertex factor V^ zz for Spin-0 
Higgs is given by 
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where 9w is the weak mixing angle, g is the electroweak 
coupling, and a, b, c are some arbitrary form factors 
dependent on the 4-momentum squares specifying the 
vertex. The vertex V^ zz is derived from an effective 
Lagrangian (see for example Ref. [54]) where higher di- 
mensional operators contribute to the momentum depen- 
dence of the form factors. Since the effective Lagrangian 
in the case of arbitrary new physics is not known, no 
momentum dependence of a, b and c can be assumed if 
the generality of the approach has to be retained. Ap- 
proaches using constant values for the form factors there- 
fore cannot provide unambiguous determination of spin- 
parity of the new boson. We emphasize that even though 
the momentum dependence of a, b and c is not explicitly 
specified, they must be regarded as being momentum de- 
pendent in general. In SM, however, a, b, c are constants 
and take the value a = 1 and b = c = at tree level. 

In Eq. (1) the term proportional to c is odd under 
parity and the terms proportional to both a and b are 
even under parity. Partial-wave analysis tells that such 
a decay gets contributions from the first three partial 
waves, namely 5-wave, P-wave and 2?-wave. Since iS- 
and 2?-waves are parity even while the P-wave is parity 
odd, the term associated with c effectively describes the 
■p-wave contribution. The terms proportional to a and 
b are admixtures of S- and P-wavc contributions. The 



decay of a Spin-0 particle to two Spin-1 massive particles 
is hence always described by three helicity amplitudes. 

The decay under consideration is more conveniently 
described in terms of helicity amplitudes Al, Ay and Aj_ 
defined in the transversity basis as 
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where Mi and M 2 are the invariant masses of the £f and 
£f lepton pairs, i.e. M 2 = q\ — fu - - 1 - u -^ 2 
(k 3 + k 4 ) 2 , 
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a, b and c are the coefficients that enter the most general 
vertex we have written in Eq. (1) and 

X(x, y, z) = x 2 + y 2 + z 2 — 2 x y — 2 x z — 2 y z . (6) 

It should be remembered that the helicities ^4l,^4.|| and 
A± are in general functions of q\ and q\, even though 
the functional dependence is not explicitly stated. The 
advantage of using the helicity amplitudes is that the he- 
licity amplitudes are orthogonal. Our helicity amplitudes 
are defined in the transversity basis and thus differ from 
those given in Ref. [54]. Our amplitudes can be clas- 
sified by their parity: Al and Ay are parity even and 
A± is parity odd. This is unlike the amplitudes used 
in Ref. [54]. Throughout the paper we use linear com- 
binations of the helicity amplitudes such that they have 
well defined parity. This basis may be referred to as the 
transversity basis. Even though we work in terms of he- 
licity amplitudes in the transversity basis, we will show 
below, it is in fact possible to uniquely extract out the co- 
efficients a, 6, c which characterize the most general HZZ 
vertex for J = Higgs. 

We will assume that Z\ is on-shcll while Z2 is off-shell, 
unless it is explicitly stated that both the Z bosons are 
off-shell. The off-shell nature of the Z is denoted by a 
superscript One can easily integrate over q\ using 
the narrow width approximation of the Z . The helicity 
amplitudes are then defined at q\ = M z and q\. In 
principle q\ could also have been explicitly integrated 
out in both the cases when either Z\ is off-shell or fully 
on-shcll, resulting in some weighted averaged value of 
the helicities. The differential decay rate for the process 
H -> Z x + Z* 2 -> (£i + £\ ) + (£2 + 1 j), after integrating 
over q\ (assuming Z\ is on-shcll or even otherwise) can 
now be written in terms of the angular distribution using 
the vertex given in Eq. (1) as: 
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where the helicity fractions Fl , F» and Fj_ are defined as 
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where A £ {£, ||, _L} and 
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where is the total decay width of the Z boson, Br« is 
the branching ratio for the decay of Z boson to two mass- 
less leptons: Z — > £ + £~ and we have used the narrow 
width approximation for the on-shcll Z. Wc emphasize 
that with q\ integrated out the helicity amplitudes A\ 
and helicity fractions F\ are functions only of q\. 
Eq. (7) r\ is defined as 

2v. a. 
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with v t = 2Is£ — Ae e sin 2 6\y and a e = 21^, and P 2 (x) is 



the 2nd degree Legendre polynomial: 
P 2 (x) = i(3a; 2 -l) (with x G {cos 0i, cos 6 2 }). (12) 

We have chosen to express the the differential decay 
rate in terms of Legendre polynomials for cos 0i and 
cos0 2 and Fourier series for <\>. This ensures that each 
term in Eq. (7) is orthogonal to any other term in the 
distribution. The Legendre polynomials P m (cos0i) and 
P m (cos0 2 ) satisfy the orthogonality condition since the 
range of cos#i and cos0 2 is —1 to 1, whereas that of <j> 
is to 2 7r. Our approach of using Legendre polynomials 
and the choice of helicity amplitudes in transversity basis 
classified by parity form the corner-stone of our analysis. 
The same technique will be used in Sec. II B to analyze 
the Spin-2 case. 

An interesting observation in the scalar case is that 
the coefficients of P 2 (cos0i) and P 2 (cos0 2 ) are identically 
equal to ^(1 — 3|Fl| 2 ) in both magnitude and sign. It is 
worth noting that the coefficients of cos 20 P 2 (cos 0i) and 
cos20 P 2 (cos0 2 ) are also identically equal to |(|F||| 2 — 
| jFj_ 1 2 ) in both magnitude and sign. 

For the decay under consideration, v t = —1 + 4 sin 2 6-w 
and a e = — 1. Substituting the experimental value for the 
weak mixing angle: sin 2 6w = 0.231, we get rj = 0.151 
and rj 2 = 0.0228. Owing to such small values of n and 
rj 2 we can safely assume that the dominant contributions 
to the angular distributions come from those terms that 
are independent of r\ and rj 2 . 

Integrating Eq. (7) with respect to cos0i or cos0 2 or 
0, the following uni-angular distributions are obtained: 
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We emphasize that r\ and n 2 contributions stem from 
terms with different angular distribution and can easily 
be isolated. However, as noted above the r\ and rj 2 con- 
tributions are negligibly small and terms proportional to 
77 or rj 2 will not be measured in the near future, we hence 
choose to drop their contributions. In such a case the 
uni-angular distributions given above take the following 
simple form 
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are explicitly functions of q 2 . The superscript (0) indi- 
cates the spin of H . As had already been realized from 
Eq. (7), the coefficients of p2(cos0i) and p2(cos6> 2 ) in 
Eqs. (19) and (20) are identical. It must hence be noted 

that T[°\ Tf andT™ can be measured from only two 
uni-angular distributions without requiring the sensitivity 
to 0{rf) terms. Using Eqs. (19) and (20) and the iden- 
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We have shown that one can easily measure all the 
three helicity fractions using uni-angular distributions. 
We can also measure Im(F||F£), which is proportional 
to sine of the phase difference between the two helicity 
amplitudes j4.ii and j4j_. In other words, we can also 
measure the relative phase between the parity-odd and 
parity-even amplitudes. Such a phase can arise if CP- 
symmetry is violated in HZZ interactions or could indi- 
cate pseudo-time reversal violation arising from loop level 
contributions or rescattering effects akin to the strong 
phase in strong interactions. Since such a term requires 
contributions from both parity-even and parity-odd par- 
tial waves, pj ' = in SM. In the case of SM we have 
a = 1 and b = c = 0. Assuming narrow width approxi- 
mation for the on-shcll Z\ we get 
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Fl^ t ^M 2 h 
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Clearly, for the case of SM the term T has a characteristic 
dependence on M 2 . Demanding F± = 0, we get 
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Thus for SM we can predict the experimental values for 
the coefficients P^ and P^ ' as: 
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It is evident that P 1 (0) and T 2 W are functions of M 2 alone 
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and are uniquely predicted in the SM. P-f and P2 U; are 
pure numbers for a given value of M 2 . Their variation 
with respect to M 2 is shown in Fig. 2a. It is clear from 
the plot that P^ is always negative while T^ is always 
positive in the SM. The variation of the helicity fractions 
with respect to M 2 is shown in Fig. 2b. Fig. 2c also shows 
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(a) Plot of T-* ' and T 2 (0) vs Af a . 
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(b) Plot of F L and F« vs. M 2 . 
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(c) Plot of -— ^ vs Mi. 
T dq 2 



FIG. 2. Plots of various observables in SM only. We have 
used M H = 125 GeV , Mi = 91.18 GeV for the above plots. 



The integrated values for the observables and T^ 1 are 
uniquely predicted in SM at tree level to be —0.148 and 0.117 
respectively. 
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the variation of the normalized differential decay width of 
the SM Higgs decaying to four charged leptons via two 
Z bosons, with respect to M 2 . Fig. 2 contains all the 
vital experimental signatures of the SM Higgs and must 
be verified in order for the new boson to be consistent 
with the SM Higgs boson. We emphasize that a nonzero 
measurement of F± will be a litmus test indicating a non- 
SM behavior for the Higgs. Furthermore, a non-zero T 3 
would imply that the observed resonance is not of definite 
parity. 

If we find the new boson to be of J PC = ++ , but still 
not exactly like the SM Higgs, then we need to know the 
values of a and b in the vertex factor of Eq. (1). It is easy 
to find that for a general ++ boson, the values of both 
a and b are given by 
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M 2 H X 2 
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(30) 
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For SM a = 1 and b = at tree level only. At loop 
level even within SM these values would differ. It may 
be hoped that a and b determined in this way may enable 
testing SM even at one loop level once sufficient data is 
acquired. This is significant as triple-Higgs vertex con- 
tributes at one loop level and measurement of b may pro- 
vide the first verification of the Higgs-self coupling. Even 
if the scalar boson is not a parity eigenstate but an ad- 
mixture of even and odd parity states, Eqs. (30) and (31) 
can be used to determine a and b. We can determine c 
by measuring _Fj_: 



y/2MzM 2 M H X' 



(32) 



Therefore, it is possible to get exact solutions for a, b, c 
in terms of the experimentally observable quantities like 
F L , F h F ± andTf . 

We want to stress that it is impossible to extract out 
both a and b by measuring only one uni-angular distri- 
bution (corresponding to either cos#i or cos #2), since 
the helicity amplitude At, contains both a and b. Hence, 
it is not possible to conclude that the ++ boson is a 
Standard Model Higgs by studying cos d\ or cos 82 distri- 
butions alone. 

The current data set is limited and may allow binning 
only in one variable. We therefore examine what conclu- 
sions can be made if t\\ is also integrated out and only the 
three uni-angular distributions are studied individually. 
As can be seen from Eqs. (30), (31) and (32) we can ob- 
tain some weighted averages of a and c. These equations 
will only allow us to verify whether a = 1 and c = 0. In 
addition the presence of any phase between the parity- 
even and parity-odd amplitudes can still be inferred from 
Eq. (21). The integrated values for the observables Tf 
andT 2 (0) are uniquely predicted in SM at tree level to be 
—0.148 and 0.117 respectively. 
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B. Spin-2 Boson The most general BZZ vertex factor V^ z "z f° r Spin- 

2 boson, with polarization has the following tensor 
As stated in the Introduction we shall use the same structure 
symbol H to denote the boson even if it is of Spin-2. 



KTz = A {g av <A + 9 afi <f v ) + B [Q" (Q a + Q fi g a ») + Q v (Q a tf» + Q fi g^)} + C Q" g^) 
-D (Q a QP Q» Q v ) + 2% E(g l3u e QW><T - g av e^ pa + e aL,pa - g afl e^ pa )q lp q 2a 
+i F [Q 13 {Ct e app(J + Q p e av >">) - Q a (Q v + Q p e^ pa ) ] q lp q 2a , (33) 



where e a and ep are the polarizations of the two Z bosons; 
A, B, C, D, E and F arc arbitrary coefficients and Q is 
the difference of the four momenta of the two Z's, i.e. 
Q = q± — <72- Only the term that is associated with the 
coefficient A is dimensionless. The form of the vertex 

0, 



fU( T) = and g pv e 



i"' 



factor ensures that P^e™,, 
which stem from the fact that the field of a Spin-2 parti- 
cle is described by a symmetric, tracelcss tensor with null 
four-divergence. Here like the Spin-0 case P is the sum 
of the four-momenta of the two Z's, i.e. P = q\ + qi- 
Since we are considering the decay of Higgs to two Z 
bosons, the vertex factor must be symmetric under ex- 
change of the two identical bosons. This is taken care 
of by making the vertex factor symmetric under simul- 
taneous exchange of a, /3 and corresponding momenta of 
Z\ and Z 2 . The Lagrangian that gives rise to the ver- 
tex factor Vff Z 'z^ contains higher dimensional operators, 
which arc responsible for the momentum dependence of 
the form factors. 



In V, 



HZZ 



the terms that are proportional to E and 

F are parity-odd and the rest of the terms in V^ z 'z 
are parity-even. From helicity analysis it is known that 
the decay of a massive Spin-2 particle to two identical, 
massive, Spin-1 particles is described by six helicity am- 
plitudes. Bose symmetry between the pair of Z bosons 
[65, 66] imposes constraints on the vertex Vj^z sucn 
that it gets contributions from two parity-odd terms that 
are admixture of one "P-wave and one .F-wave, and four 
parity-even terms that are some combinations of one <S- 
wave, two 2?- waves and one (J-wave contributions. Even 
for the case of Spin-2 boson wc choose to work with he- 
licity amplitudes as they are orthogonal but choose a ba- 
sis such that amplitudes have definite parity associated 
with them. We find the following six helicity amplitudes 
in transversity basis: 



A L = 
A M = 
A x = 



AX 
3ui 

8MiM 2 vX 



3y3ui 
2\/2 
3y/3M% 



E {u\ - M%ul) + F (AujMfjX 2 ) 
E, 



(34) 
(35) 



A(M% 



uf) - B (ZMfjX' 2 



A 2 = 
A 3 = 

A< = 



8MiM 2 
A 



3Mh-ui 
8MiM 2 w 



(A + AX 2 C) , 
A(u£-M|u?) 



D (8Mf r X i ) 



B {Au\M 2 H X 2 ) 



A. 



2>M H u>\ 

where uj,, U2, v and w arc defined as 

u 2 = M\ + Ml 
uj = Mf - Ml 
v 2 = AM 2 H u\ +3u|, 



w 2 = 2M 2 H u\ 



(36) 
(37) 

(38) 
(39) 



(40) 
(41) 
(42) 
(43) 



The quantity X is as defined in Eq. (5). 

We wish to clarify that our vertex factor V^ z '^ is 
the most general one. An astute reader can easily write 
down terms that are not included in our vertex and won- 
der how such a conclusion of generality can be made. 
For example, one can add a new possible term such as 
i G [t a ^PP p Q p + e afSp pp p Q»] . It is easy to verify that 
this new form factor G enters our helicity amplitudes Al 
and Am in the combination (E — 2G): 



A, 



AX 
3ui 



(E - 2G) (u| - M£u?) + F (AujM^X 2 



A M = *-^(E-2 G) . 



(44) 
(45) 



Note that only this combination of E and G is accessi- 
ble to experiments and all other helicity amplitudes re- 
main unchanged. Since, there exist only six independent 
helicity amplitudes corresponding to six partial waves 
for the Spin-2 case, the number of helicity amplitudes 
in the transversity basis must also be six. Adding any 
new terms to the vertex factor will simply modify the 
expressions for the helicity amplitudes. The generality 
of our vertex V^ z 'z^ is therefore very robust. Having 



C (AMjjX* 



M%) 



established the generality of V^zlf we w ^ n henceforth 
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not consider any term absent in the vertex of Eq. (33). 
Our helicity amplitudes arc different from those given in 
Ref. [54] . In Ref. [54] , they provide eight independent he- 
licity amplitudes. If we consider the Bose symmetry of 
the two identical vector bosons to which H is decaying, 
then these should reduce to six independent helicity am- 
plitudes. Again as stated in the scalar case, our helicity 
amplitudes are classified by their parity and thus differ 
from those in Ref. [54]. Our amplitudes Al and Am have 
parity-odd behavior, and the rest of the helicity ampli- 
tudes have parity-even behavior. In contrast not all the 
amplitudes enunciated in Ref. [54] have clear parity char- 
acteristics. 



Once again just as in the scalar case we will start by 
assuming that Z\ is on-shell while Z 2 is off-shell. The 
integration over q\ is done using the narrow width ap- 
proximation of the Z. In tensor case, however, off-shell 
Z\ will also have to be considered in a special case. We 
hence consider that q\ is explicitly integrated out whether 
Z\ is off-shell or fully on-shell. In case Z\ is off-shell 
the resulting hclicities are some weighted averaged value 
and should not be confused with well defined values at 
q\ = M|. The differential decay rate for the process 
H -> Zi + Zl -> + e+) + (l 2 + 1 + ), after integrating 
over q\ (assuming Z\ is on-shell or even otherwise) can 
now be written in terms of the angular distribution using 
the vertex given in Eq. (33) as: 



8tt 



d 4 r 



R dq 2 d cos 9\ dcos 



= 1 



9 U? 1 



\F M \ 



Mfj—~\ lm(F 2 F M ) sin 



-P 2 (cosfli) 



cos 20 (1 - P 2 (cos0i)) (1 - P 2 (cos6> 2 )) 

20 (1 - P 2 (cos8 1 )) (1 - P 2 (cos# 2 )) 
. r i .1-2 . 



-2\F,\ 2 + \F 2 \ 2 ) + (\F 3 \ 2 + \F L \ 2 



Ml - 2M| 



\Fm\ 2 



u 2 u 4 

4A44 + 3^% {Ml - 2M 2 ' 
H \ 2 u 2 v 2 v - x ' 



1^1 



2M 2 H ^ + (Ml - 2M\) 
w 2 u 2 w 2 v 1 u 



P 2 (cOS 9 2 ) 

2 



2i r 2 " 

6MiM 2 4r- Re(F 3 P 4 *) + 6V3MiM 2 -^- Re(F L F M ) 



-2\F X [ 
-\FmY 



' u 2 w 



F 3 \ 2 + \F L \ 2 



Ml - 2M 2 



H v 2 u 2 v 2 v 1 



2M 2 % 



w- 



(M 2 - 2M|) 
u 2 w 2 v 1 z> 



P 2 (cos6>i)P 2 (cos6>: 
+ 2 

9sm26*i sin2# 2 cos 
+ 16 



6M 2 M^ 

II \t 

» 2 ) 



2 1 



U 2 W 



U 2 1 1 

Re(F 3 P 4 *)- 6V3M 2 Mi^ Re(F L F M )\ 

u i v J J 



2|Pi| 



2^ 2 ~ 



\F 3 \ 2 -\Fr\ 2 - 



w- 



IP 4 



2Af^u 2 - 3u| 



\Fm\ 2 



'\F 3 \ 2 -\F L 



M X M 2 



-3\F M \ 2 



u 4 

M x M 2 —±- 



M X M 2 



9 sin 2#i sin26* 2 sin( 



ufw 



16 



M X M 2 



Rc(F 3 F 4 *) 
Im(P 3 P£) 



v*4 



Re(P L P; f )-V2Rc(PiP 2 *)| 
■* 1 r 4 " 

V3^f Im(F 3 F^)- ~T~ Im(P 4 P2) 

UTV UTW 



U 2 W 2 



4 I 

2v / 3MiM 2 ^- Im(P 4 P;/)- 2\/2M H — Im(PiP^) 

U V W L V . 



where 0(r],r] 2 ) includes all the terms that are proportional to 77 and r/ 2 . These terms 
Eq. (Al). The helicity fractions are defined as 



Ft = 



(46) 

are provided in the appendix, 

(47) 
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and Tf is given by 



19 1 



X 



dq 2 5 2 10 7T 3 M 2 M| 



( ? 1-Mir + M|r| 



(48) 



where i,j € {£, Af, 1, 2, 3, 4} and we have averaged over the 5 initial polarization states of the spin-2 boson. 
The uni-angular distributions are given by 



1 



d 2 T 



If dq 2 d cos 9i 



d 2 Y 



If dq 2 d cos 9 2 



2ir d 2 Y 
Tf dq\ d(/ 



= 1 



P 2 (cos6»i) 



1 P 2 (cosfl 2 ) 

2 4 



-2| J F 1 | 2 + |F 2 | 2 



|F 4 | 2 f 2M^ 



F 3 f+ F L \ 2 



\F 



U 2 W 2 



(A/ 2 2 - 2A/ 2 ) 



4A^+3^% 
v 2 ufv^ 



M| - 2Mf 



2 ^ 

6MiM 2 -j2- (vRe(F 3 F 4 *) + ^wRe^i^) ) \ + O^r] 2 ), 
uqvw v / ] 



-2\F X \ 2 + \F 2 \ 2 



F, 



2 'Ml - 2Aff 



u 2 w 2 



+ |F M | Z ( 4Ml-| + 3-£* (Ml - 



6MiM 2 -^— fvRe(F 3 F 4 *) + V3wRe(F L F^)) \ + 2 (v,V 2 ), 



7 \F 2 \ 2 - |F M | 2 ) cos 20 + M ff ^ilm(F 2 F^) sin 20 + Ogfa, t? 2 ), 



(49) 



(50) 
(51) 



where Oi(r], rj 2 ), 2 (rj,T] 2 ) and ©3(77, 7? 2 ) terms are the 77 
and ?y 2 dependent terms. As discussed in the scalar case, 
77 and ?7 2 contributions stem from terms with different 
angular distribution and can easily be isolated. How- 
ever, since they are experimentally small, we can safely 
drop Ci(?7,77 2 ), 2 (?7, rf) and 03(77, ~q 2 ) for our discus- 
sions here. 

We find that the angular distributions corresponding 

to P 2 (cos#i) and P 2 (cos9 2 ) are different in the Spin-2 

case in contrast to the Spin-0 case. This feature can 

enable us to distinguish between the two spins, unless 

the difference happens to be zero for certain choice of 

parameters, even in the Spin-2 case. Considering only the 

77 independent terms in Eqs. (49) and (50), the difference 

A between the coefficients of P 2 (cos#i) and P 2 (cos0 2 ) in 

1 d 2 T , 1 d 2 T . , . 

and — — — — ; — respectively, is 



1} dq 2 d cos 61 



If dq 2 dcos9 2 



A = 



3 (Mf - M?^ 
4u 2 v 2 w 2 



v 2 w 2 (|F 3 | 2 + |Fl| 2 



u4(v 2 | j F 4 | 2 + 3w 2 |F m | 2 



3MiM 2 ul 



vRe(F 3 P 4 *) + V3wRe(F L F* M ) 



(52) 



If we find that A = for all M 2 , then the tensor case 
would have similar characteristics in the uni-angular dis- 
tributions as discussed in the scalar case. However, this 
can only happen if helicity amplitudes (or equivalently 
the corresponding coefficients A, B, C, D, E and F) have 
the explicit momentum dependence so as to absorb M 2 
completely in A. The reader can examine the expression 
for A to conclude that this is impossible and the only 
way A can be equated to zero for all M 2 , is when 



Fn = Fa = Ft, — F; 



0. 



(53) 



In such a special case all the form-factors in vertex VS^ a> 



vanish, except C and D. This special case explicitly im- 
plies that the parity of the Spin-2 boson is even. We 
will refer to this case as the special J F = 2+ case, since 
the uni-angular distribution mimics the J p = + case. 
Working under this special case 

^ , 7 = \ +T[ 2 ^(cosflr), (54) 

If dq% a cost^i 2 
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where 



C. Comparison Between Spin-0 and Spin-2 



(2) 



T, 



(2) 



F> 



•\Fi\ 2 ), 



(57) 
(58) 



Now using the identity |-Fi| 2 + I-F2I 2 = 1, we get 



T, 



(2) 



G 



1 + 2T, 



(2) 



(59) 



Note the similarity between Eqs. (27) and (59). The con- 
clusions that J p = 2 ± when A ^ can also be drawn 
if A integrated over q\ and q 2 is found to be non zero. 
However, it clear from Eq. (52) that the domain of inte- 
gration for q\ and q\ cannot be symmetric. 



Coefficient of 
P2(cos#i) in 



r d cos 81 



Coefficient of 

P 2 (cos6> 2 ) in -- — 

T a cos 62 



Are they the same? 



YES 



r 



J PC G {0++, 0-+, Special 2++} J PC G {2 



1 



NO 



What is the ratio of the 

number of events via 
Z*Z* compared to ZZ'l 
Is it about 1.5 or larger ? 



Needs full angular 
analysis for 
determination of Parity 



NO 



YES 



Special 2 + " 



J PC G {0++,0-+} 



Is F± = 0? (See Eq. (24).) 



YES r 



NO 



J PC = 0++ 



J 1 



0" 



or not a 



Parity Eigenstate 



Do the observables 
T 1 (0) and T 2 (0) have 
SM values? (See 
Eq. (29)). Are 
their values —0.148 

and 0.117 
respectively, when 
integrated over q\l 



YES 



Is F L = F» 



0? 



(E5E3 



NO 



I Not a Parity Eigcnstatej 



Find out a,b,c using Eqs. (30), 
(31) and (32) respectively. 



YES 



SM Higgs 



NO 



Non-SM ++ Scalar 



~Z1 



Find out a and b using 
Eqs. (30) and (31) respectively. 



FIG. 3. Flow chart for determination of spin and parity of 
the new boson. See text for details. 



Having discussed both the scalar and tensor case, we 
summarize the procedure to distinguish the spin and par- 
ity states of the new boson in a flowchart in Fig. 3. 
The procedure entailed, ensures that we get information 
about the spin and parity of the newly found boson with 
least possible angular measurements and minimum num- 
ber of events. The first step should be to compare the 
uni-angular distributions in cos 9\ and cos 2 ■ If the dis- 
tribution is found to be different the boson cannot be the 
SM Higgs and indeed must have Spin-2. However, if the 
distributions are found to be identical the resonance can 
have Spin-0 or be a very special case of Spin-2 arising 
only from C and D terms in the vertex in Eq. (33). The 
similarity between Eqs. (27) and (59) makes it impossi- 
ble to distinguish these two cases by looking at angular 
distributions alone. 

The special J p = 2+ case can nevertheless still be 
identified by examining the surviving helicity amplitudes 
A\ and A 2 . The helicity amplitudes given in Eqs. (36) 
and (37) reduce in this special case to, 



A 1 = -™£x> 



3\/3 



q±.q 2 C + M 2 H X 2 D 



Ao 



32 
371 



M\M<x X C. 



(60) 
(61) 



These may be compared with Eqs. (2) and (3) to no- 
tice that they have identical form, except for an addi- 
tional X 2 dependence in A\ and A 2 expressions above. 
The additional X 2 dependence increases the contribution 
from both off-shell Z's (called Z*Z*) significantly in com- 
parison to the dominant one on-shell and one off-shell Z 
(called ZZ*) contribution expected in SM. In the SM one 
would expect the ratio of the number of events in Z* Z* 
to ZZ* channel to be about 0.2. However, in the special 
J p = 2+ case we would expect this ratio to be about 
1.5. The reader is cautioned not to confuse this explicit 
X 2 dependence with any assumption on the momentum 
dependence of the form-factors. Throughout the analysis 
we have assumed the most general form-factors a, 6, c, A, 
B, C, D, E and F. nevertheless A\ and A 2 turn out to 
have additional X 2 dependence in comparison to Al and 
A\\ respectively. This explicit X 2 dependence arises due 
to contributions only from higher dimensional operators 
in the special J p = 2 + case. 

Having excluded the Spin-2 possibility, the resonance 
would be a parity-odd state (0 h ) if Fl = F\\ = and 
a parity-even state (0 ++ ) if F±_ = 0. If the resonance is 
found to be in ++ state, we need to check whether T± 
and Tj ^ terms are as predicted in SM. The values of T 1 (0) 
and T 2 (0) as a function of M 2 are plotted in Fig. 2. The 



q 2 integrated values for the observables and T^' are 
uniquely predicted in SM at tree level to be —0.148 and 
0.117 respectively. These tests would ascertain whether 
the ++ state is the SM Higgs or some non-SM boson. If 
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it turns out to be a non-SM boson, we can also measure 
the coefficients a,b,c by using Eqs. (30), (31) and (32). 

Finally we emphasize that our approach is unique in 
using helicity amplitudes in the transversity basis so that 
the amplitudes are classified by parity. We also use or- 
thogonality of Legendre polynomials in cos 9\ and cos 02 
as well as a Fourier series in </> to unambiguously deter- 
mine the spin and parity of the new resonance. Another 
significant achievement is the use of the most general 
HZZ vertex factors for both Spin-0 and Spin-2 cases 
allowing us to determine the nature of H be it in any 
extension of the SM. We wish to stress that we consider- 
neither any specific mode of production of the new res- 
onance (like gluon-gluon fusion or vector boson fusion), 
nor any specific model for its couplings. The production 
channel for the new resonance has no role in our analy- 
sis. We consider its decay only to four leptons via two Z 
bosons. Most discussions in current literature deal cither 
with specific production channels or with specific mod- 
els of new physics which restrict the couplings to specific 
cases both for Spin-0 and Spin-2. Refs. [34, 37, 38, 45, 46] 
deal with graviton-likc Spin-2 particles, while Ref. [47] 
deals with Spin-2 states that are singlet or triplet un- 
der SU(2). Ref. [34] considers polar angle distribution 
of 77 and angular correlations between the charged lep- 
tons coming from WW* decays to differentiate the Spin-0 
and Spin-2 possibilities. While Ref. [37] looks at 'Higgs'- 
strahlung process to distinguish the various spin and par- 
ity possibilities, Ref. [38] compares branching ratios of 
the new boson decaying to 77, WW* and ZZ* channels 
as a method to measure the spin and parity of the new 
boson. In Ref. [45] the authors propose a new observable 
that can distinguish SM Higgs from a Spin-2 possibil- 
ity. They consider the three-body decay of the new res- 
onance to a SM vector boson and a fermion-antifermion 
pair. Ref. [46] shows that the current data disfavors a 
particular type of graviton-like Spin-2 particle that ap- 
pears in scenarios with a warped extra dimension of the 
AdS type. Refs. [47, 48] deal with Spin-0 or Spin-2 parti- 
cles produced via vector boson fusion process alone. Our 
discussion subsumes all of the above special cases. More- 
over, unlike other discussions in the literature we provide 
clearly laid out steps to measure the couplings, spin and 
parity of the new resonance H without any ambiguity 
and in terms of measurements that would require the 
minimum number of events. We want to reiterate that it 
is important to measure not only the spin and parity of 
the new resonance but also its couplings before any con- 
clusive statements can be made that it is the SM Higgs. 

III. CONCLUSION 

We conclude that by looking at the three uni-angular 
distributions and examining the numbers of Z*Z* to ZZ* 
events one can unambiguously confirm whether the new 
boson is indeed the Higgs with J PC = ++ and with cou- 



plings to Z bosons exactly as predicted in the Standard 
Model. We show that the terms in the angular distri- 
bution corresponding to P2(cos#i) and P2(cos6>2) play a 
critical role in distinguishing the J = 2 and J = states. 
The distributions are identical for Spin-0 case, but must 
be different for Spin-2 state except in a special J p = 2 + 
case where F3 = F4 = Fl = Fm = 0. The ratio of 
the number of Z*Z* events to the number of ZZ* events 
provides a unique identification for this special J p = 2 + 
case. In this special case the number of Z*Z* events 
dominates significantly over the number of ZZ* events. 
The Spin-2 resonance can thus be unambiguously con- 
firmed or ruled out. With Spin-2 possibility ruled out, 
Spin-0 can be studied in detail. 

The resonance would then be a parity-odd state (0 '") 
if Fl — F\\ = and a parity-even state (0 ++ ) if F± = 0. 
If the resonance is found to be in ++ state, we need 
to check whether and terms arc as predicted 
in SM. The gf integrated values for the observables 

and T 2 (0) are uniquely predicted in SM at tree level to 
be —0.148 and 0.117 respectively. These tests would as- 
certain whether the ++ state is the SM Higgs or some 
non-SM boson. If it turns out to be a non-SM boson, we 
can also measure the coefficients a, b, c by using Eqs. (30), 
(31) and (32). If the boson is a mixed parity state, the 
relative phase between the parity-even and parity-odd 
amplitudes can also be measured by studying the sin 20 
term in the uni-angular distribution. We present a step 
by step methodology in Fig. 3 for a quick and sure-footed 
determination of spin and parity of the newly discovered 
boson. Our approach of using Legendre polynomials and 
the choice of helicity amplitudes classified by parity en- 
able us to unambiguously determine if the new resonance 
is indeed the Standard Model Higgs with least possible 
measurements and minimum number of events. 
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Appendix A: Other Terms in the Angular 
Distributions 

In the main text, we have not included the r] and rj 2 
dependent terms in the angular distributions for the case 
of Spin-2 boson. This is mainly because of the fact that 
r\ is a very small quantity. However, for the sake of com- 
pleteness, the rj and rf dependent terms in the angular 
distributions are given below. 
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O^^ 2 ) =ri(- 3M ff Re(F 2 F^)^ [cos0i(P 2 (cos# 2 

fe(cos0i))] 
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The other 77 and ?y 2 dependent terms 01(77, r? 2 ), C 2 
out the required integrations. 



( 2M > 2 _ M| (3M| + A/ 2 ) (A/ 2 + 3A/ 2 2 ; 



- l^-A/| 2 9 9 v2 



-S)J}- (Al) 

{r},rj 2 ) and C 3 (?7, 7? 2 ) can be obtained from 0(rj,r] 2 ) after carrying 
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